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Vocal effort is a physiological measure that accounts for changes in voice production as vocal

loading increases. It has been quantified in terms of sound pressure level (SPL). This study inves-

tigates how vocal effort is affected by speaking style, room acoustics, and short-term vocal

fatigue. Twenty subjects were recorded while reading a text at normal and loud volumes in

anechoic, semi-reverberant, and reverberant rooms in the presence of classroom babble noise.

The acoustics in each environment were modified by creating a strong first reflection in the talker

position. After each task, the subjects answered questions addressing their perception of the vocal

effort, comfort, control, and clarity of their own voice. Variation in SPL for each subject was

measured per task. It was found that SPL and self-reported effort increased in the loud style and

decreased when the reflective panels were present and when reverberation time increased. Self-

reported comfort and control decreased in the loud style, while self-reported clarity increased

when panels were present. The lowest magnitude of vocal fatigue was experienced in the semi-

reverberant room. The results indicate that early reflections may be used to reduce vocal effort

without modifying reverberation time. VC 2016 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4950812]

[CGC] Pages: 2870–2879

I. INTRODUCTION

The interaction between a person, a room, and an activity

leads to different sensations relating to voice production. This

interaction determines acoustic comfort, which contributes to

well-being. It also affects vocal comfort, which is a psycho-

logical measure that is determined by those aspects that

reduce the vocal effort (Titze, 2000), e.g., the speaker-listener

distance and the background noise level. Vocal comfort

appears to decrease with the speaker’s perceived fatigue and

the sensation of needing to increase the voice level (Pelegr�ın-

Garc�ıa and Brunskog, 2012). A speaker may unconsciously

balance vocal effort and vocal comfort to maintain their own

clarity and intelligibility.

Vocal control can be defined as the capacity to self-

regulate vocal behavior. The sensation of control relates to

the ability to adjust the voice consciously. In adverse condi-

tions, speakers try to control their voice production in order

to meet the needs of listeners (e.g., Wassink et al., 2007;

Hazan and Baker, 2011). For example, when conversing

with a listener who has hearing limitations, a typical talker

uses “clear speech.” Such speech has been characterized by

a slower speech rate, a wider range of fundamental fre-

quency (fo), and a higher temporal modulation index than

conversational speech (e.g., Picheny et al., 1985; Ferguson

et al., 2010).

Vocal effort is a physiological measure that accounts

for changes in voice production, which can be expressed

by the A-weighted sound pressure level (SPL) (dB) at a 1 m

distance from the mouth (ISO 9921, 2002). It relates to vari-

ous factors such as the type of interlocutor (Hazan and Baker,

2011), the speaker-listener distance, the background noise

level, and other acoustic characteristics of the room (Black,

1950; Pelegr�ın-Garc�ıa et al., 2011), linguistic factors such

as vowel quality (Eriksson and Traunm€uller, 1999), and the

speaker’s level of fatigue (Rantala et al., 2002; Laukkanen

and Kankare, 2006).

Vocal fatigue is often experienced by speakers who use

their voice for long periods and and/or with increased vocal

effort, such as teachers. Titze (1999) identified two physio-

logical aspects of such fatigue: laryngeal muscle fatigue and

laryngeal tissue fatigue. Laryngeal muscle fatigue, which

can involve tension in the vocal folds, appears to be caused

by a depletion or accumulation of biochemical substances

in the muscle fibers. Laryngeal tissue fatigue takes place in

non-muscular tissue layers (epithelium, superficial, and

intermediate layers of the lamina propria) and appears to be

caused by temporary changes in molecular structure that

result from mechanical loading and unloading (i.e., phona-

tion; Titze, 2000). The minimization of vocal fatigue is par-

ticularly important when (1) the speaker is at high risk of

vocal injury, such as in teaching environments (Hunter and

Titze, 2010), when classroom acoustics are poor (Bottalico

and Astolfi, 2012); and (2) when vocal function is impaired

by loading and/or incomplete muscle recovery (Hunter and

Titze, 2009).

SPL, in particular, has been found to be affected by

vocal loading, possibly inducing vocal fatigue. Rantala et al.
(2002) analyzed the recordings of 33 female teachers during

the first and the last lessons (35–45 min) of a normal worka)Electronic mail: pb@msu.edu
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day (5 h). The investigators divided the teachers into two cat-

egories: subjects who reported frequent symptoms of vocal

fatigue (MC, many complaints), and subjects with few vocal

complaints (FC, few complaints). SPL was found to increase

by 0.5 dB between the first and last lesson, but this finding

did not reach significance. Laukkanen and Kankare (2006),

who examined male teachers’ voices before and after a

working day with the same division of subjects into groups,

found that SPL increased in both groups.

The maximization of intelligibility, clarity, vocal com-

fort and control, and the minimization of vocal fatigue and

effort, should be the priority of any professional talker. This

is particularly important when the person is at elevated risk

of vocal injury, such as in the case of teachers (Titze and

Hunter, 2015). In classrooms, noise levels are typically high

and acoustical conditions are not optimized for the talker but

for the listener (Bottalico and Astolfi, 2012).

Reverberation time has been found to influence voice

power level and vocal intensity in continuous speech. The

effects on voice power level of reverberation time and

speaker-listener distance were investigated by Pelegr�ın-Garc�ıa
et al. (2011). Thirteen male talkers were recorded in four dif-

ferent environments: an anechoic chamber, a lecture hall, a

corridor, and a reverberant room with average reverberation

time (T30,0.5–1 kHz) of 0.04 s, 1.88 s, 2.34 s, and 5.38 s, respec-

tively. The voice power level was found to depend almost lin-

early on the logarithm of the speaker-listener distance (with

slopes between 1.3 and 2.2 dB per doubling of distance) and

changed significantly among rooms (intercepts between 54.8

and 56.8 dB). With the exception of the reverberant room,

voice power level decreased as reverberation time increased.

Black (1950) reported an analysis of SPL measured in the

context of read speech produced by 23 males in 8 rooms dif-

fering in shape (rectangular and drum), size (4.2 m3 and 45.3

m3), and reverberation time (0.2–0.3 s and 0.8–1.0 s). Greater

vocal intensity was found in less reverberant room than in

more reverberant rooms. Moreover, when comparing the first

3 and last 3 phrases of a total of 12 phrases, the speakers’

mean relative intensity was found to be lower in more rever-

berant rooms than in less reverberant rooms.

Brunskog et al. (2009) investigated objectively measura-

ble parameters of the rooms related to (1) any increase of the

voice sound power, which is strongly correlated with vocal

effort, produced by speakers, and (2) the speakers’ subjective

judgments about six different rooms with different sizes, rever-

beration times, and other physical attributes. The authors found

that voice power is correlated with room size and inversely

correlated with the magnitude of amplification by the room of

the talker’s voice at his/her ears, compared to anechoic condi-

tions (termed “room gain” and “voice support”).

In summary, previous research suggests that the speech

level increases as vocal fatigue increases (Rantala et al.,
2002; Laukkanen and Kankare, 2006) and decreases under

more reverberant conditions (Black, 1950; Pelegr�ın-Garc�ıa
et al., 2011). Unfortunately, higher reverberation times have

been associated with decreases in speech intelligibility for

students (Bradley, 1986; Astolfi et al., 2012). Hence, it is

necessary to study acoustical parameters that can be varied

independently of the reverberation time and that can be used

by speakers to decrease their vocal effort.

In this study, the effects of room acoustics, voice style

(corresponding to normal and raised levels), and chronologi-

cal task order or “experimental presentation order” on vocal

effort (SPL) and self-reported vocal effort, control, comfort

and clarity, are examined. Two independent room acoustic

parameters were considered: reverberation time and external

auditory feedback.

The main research questions of this study were (1) is it

possible to decrease speakers’ vocal effort by increasing

their external auditory feedback, and (2) if there is such an

effect, how does it interact with reverberation time and

speech style effects?

II. EXPERIMENTAL METHOD

The speech of 20 talkers was recorded in 3 different

rooms in the presence of classroom babble, with and without

reflective polycarbonate panels at 0.5 m from the talkers’

mouths. The speech signals were processed to calculate meas-

ures of SPL.

A. Subjects

Ethics approval for the experiment was granted by the

Michigan State University Human Research Protection

Program (IRB 13-1149). Twenty subjects, ten males and ten

females, participated in the experiment. The subjects, who

were non-smoking English-speaking university students,

were aged between 18 and 30 years (mean age 20.8 years)

and self-reported normal speech and hearing.

B. Instructions and conditions

The subjects were instructed to read a text of about 30 s

in duration in the presence of classroom babble noise, with

and without reflective panels at 0.5 m from the mouth. The

text was a six sentence excerpt from the Rainbow passage

(Fairbanks, 1960) printed and attached to a music stand at

1 m from the subject. Two different speech styles were eli-

cited: normal and loud. The instructions given for the styles

were as follows: “Speak in your normal voice” (normal);

“Imagine you are in a classroom and you want to be heard

by all of the children” (loud).

Subjects were recorded in three different acoustic envi-

ronments. The first was an anechoic room with dimensions

3.4� 4.6� 2.4 m. The second was a semi-reverberant room,

8.5� 7.3� 4.6 m. The walls were concrete block with some

shelves and similar furniture covering some of the space, the

ceiling was concrete, and the floor was covered with vinyl

tile. The third room was a reverberant room with dimensions

7.7� 6.4� 3.6 m.

In each room, the subject was asked to read in 4 conditions

(for a total of 12 tasks per subject): (i) with a normal vocal

effort and without reflective panels; (ii) with a loud vocal effort

and without reflective panels; (iii) with a normal vocal effort

and with reflective panels; and (iv) with a loud vocal effort and

with reflective panels. With the aim of an equal distribution of

any (short-term) vocal fatigue across all the tasks, and to
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control for any unknown confounding variables relating to task

order, the order of administration of the tasks was randomized.

In sum, there were 12 tasks or conditions: 2 speech styles, two

panel conditions, and 3 room environments.

Subjects answered four questions after each task: (i)

Effort: How effortful was it to speak in this condition? (ii)

Control: How well were you able to control your voice in this

condition? (iii) Comfort: How comfortable was it to speak in

this condition? (iv) Clarity: How clearly did you perceive

your own voice in this condition? Subjects responded by

making a vertical tick on a continuous horizontal line of

100 mm in length (on a visual analogue scale or VAS). The

score was measured as the distance of the tick from the left

end of the line. The extremes of the lines were “not at all”

(left) and “extremely” (right).

C. Equipment

Speech was recorded by a head-mounted omnidirec-

tional microphone placed 5–7 cm from the mouth (Glottal

Enterprises M80, Glottal Enterprises, Syracuse, NY). The

microphone was connected to a personal computer (PC) via

an external sound board (Scarlett 2i4 Focusrite, Focusrite,

Windsor House, UK). The signals were recorded with

Audacity 2.0.6 (SourceForge, La Jolla, CA) with a sampling

rate of 44 100 Hz.

D. Room acoustic parameters

Room acoustic parameters were obtained from the

impulse response measurements in the non-occupied condi-

tion for the three rooms (ISO 3382–2, 2008). Balloon pops

were used as impulses. The average reverberation times, T30,

for combined 500 Hz and 1 kHz octave bands, were deter-

mined for each room in four different positions. The T30 for

combined 500 Hz and 1 kHz octave bands was 0.04 s [stand-

ard deviation (s.d.)¼ 0.005] in the anechoic room, 0.78 s

(s.d.¼ 0.012) in the semi-reverberant room and 2.37 s

(s.d.¼ 0.167) in the reverberant room. The measured values

of the reverberation time for the three rooms between 125

and 8 kHz are given in Table I.

To manipulate the level of external auditory feedback in

the position of the talker, two reflective panels were placed at

45�, 0.5 m from the subject. The panels were made of trans-

parent polycarbonate material and had a surface area of

56� 66 cm2, which was perpendicular to the lines joining the

panels and the subject. The presence of the panels generated a

strong first reflection of the subject’s voice. In order to quan-

tify this effect, pink noise was emitted from the mouth and

received by the ears of a Head and Torso Simulator with

Mouth Simulator (HATS, 45BC KEMAR, G.R.A.S. Sound &

Vibration, Holte, Denmark). This measurement was repeated

in the three rooms, each room with and without reflective pan-

els, maintaining a constant source (mouth) power. The ears

were connected to an audio analyzer (XL2, NTI Audio,

Schaan, Liechtenstein). Figure 1 shows the difference

between the SPL measured per octave band in the anechoic

room without panels and the sound levels measured in all

room and panel conditions. A higher SPL was recorded in the

frequencies relevant to speech in all rooms when panels were

present. The higher the reverberation time in the room, the

higher the increase in SPL introduced by the panels.

Babble noise was present during the entirety of the

experiment. During all 12 tasks performed by each subject,

classroom babble was emitted by a directional loudspeaker

placed 2 m in front of the subject. The power level of the

loudspeaker was set in order to obtain an A-weighed equiva-

lent level averaging both ears of 62 dB at the talker position

(measured with the HATS). This level represents the back-

ground noise present in a classroom during group activities

(Shield and Dockrell, 2004).

E. Processing of the voice recording

Analysis of the SPL was performed with MATLAB2015b.

For each condition (task), a time history of A-weighted SPL

in one-octave bands between 125 Hz and 4 kHz at 0.125 s

intervals was obtained from the recorded speech. A correction

factor accounting for the increase in SPL at the head-mounted

microphone in the different combinations of room and panels

was applied. The correction values are reported in Table II.

The correction factors were measured by analyzing the SPL

produced by the HATS, reproducing pink noise with a con-

stant sound power level in the different conditions, at the

head-mounted microphone, which was placed on the HATS.

After the correction of SPL, 12 time histories were

obtained per subject. The average among all SPL values was

computed per subject, and this mean was subtracted from

each value of the 12 time histories performed by that subject.

This within-subject centering was performed in order to

evaluate the variation in the subject’s vocal behavior in

the different conditions from the “mean” vocal behavior.

After transformation, the parameter was termed DSPL. The

time information associated with the time histories (which

TABLE I. Reverberation time (T30) and standard deviations measured in the three rooms per octave band. The babble noise spectrum (dBA) was measured per

octave band using the HATS.

Parameter (s.d.) Room 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz

T30 (s) Anechoic 0.05 0.04 0.04 0.04 0.04 0.04 0.04

(0.005) (0.007) (0.006) (0.005) (0.005) (0.005) (0.007)

T30 (s) Semi-reverberant 1.01 0.92 0.78 0.79 0.79 0.73 0.55

(0.02) (0.06) (0.02) (0.01) (0.02) (0.02) (0.02)

T30 (s) Reverberant 1.26 1.82 2.23 2.52 2.33 1.66 1.01

(0.06) (0.03) (0.06) (0.04) (0.11) (0.05) (0.02)

Babble noise spectrum (dBA) 34.8 46.6 58.1 59.0 48.3 40.1 27.1
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typically ranged from 0 to 30 s within a task) was retained

for inclusion in the statistical analysis.

F. Statistical method

Statistical analysis was conducted using R version

3.1.2 (R Development Core Team, 2011). linear mixed-

effects (LME) models were fit by restricted maximum like-

lihood (REML). Random effects terms were chosen on the

basis of variance explained. Models were selected on the

basis of the Akaike information criterion (Akaike, 1973;

the model with the lowest value being preferred) and the

results of likelihood ratio tests (a significant result indicat-

ing that the more complex of the two nested models in

the comparison is preferred) and were built using lme4,

lmerTest, and multcomp packages. Tukey’s post hoc pair-

wise comparisons were performed to examine the differen-

ces between all levels of the fixed factors of interest. These

are pairwise z tests, where the z statistic represents the dif-

ference between an observed statistic and its hypothesized

population parameter in units of the standard deviation. The

p values for these tests were adjusted using the default

single-step method (Hothorn et al., 2008). The LME output

includes the estimates of the fixed effects coefficients, the

standard error associated with the estimate, the degrees

of freedom, df, the test statistic, t, and the p value. The

Satterthwaite method (Satterthwaite, 1946) is used to ap-

proximate degrees of freedom and calculate p values.

III. RESULTS

A. Vocal effort as SPL

A LME model was run with the response variable DSPL

(dB) and the fixed factors (1) style, (2) room, (3) panel, and

(4) chronological task order (“order”) with interactions of

(5) room and style, (6) room and order, (7) style and gender.

The random effects were the interaction of subject and time

(where time was measured in ms per task). Other possible

interactions were excluded after likelihood-ratio tests indi-

cated that their inclusion did not improve the model fit

(p> 0.1). Model results are shown in Table III, while sum-

mary statistics in the 12 conditions are shown in Table IV.

The effects of style, room, panel, and order, and the interac-

tions between room and style, room and order, and style and

gender were significant, with the exception of the interaction

between order and the anechoic room.

The mean increase in DSPL from the normal to the loud

style was 7.88 dB. However, the mean increase was greater in

female subjects (8.64 dB) than in male subjects (7.09 dB).

With regard to room, as shown in Fig. 2, the difference in

DSPL between the styles was greater in the anechoic and

reverberant rooms (8.15 and 7.96 dB, respectively) than in

the semi-reverberant room (7.55 dB). In the normal style, the

highest DSPL values were measured in the semi-reverberant

room, and the lowest in the reverberant room; a higher DSPL

in this style was measured in the semi-reverberant room

(�3.63 dB) than the anechoic (�3.90 dB) and the reverberant

FIG. 1. Differences in SPL measured

per octave band between the anechoic

room without panels and the sound

levels measured in all room and panel

conditions.

TABLE II. Increase in SPL in dB at the head-mounted microphone due to sound reflections, measured with a Head and Torso Simulator. The reference condi-

tion for SPL is the anechoic room without reflective panels.

Room Panel

Frequency (Hz)

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz

Anechoic Absent 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Present 0.17 �0.53 0.96 0.08 0.23 0.10 0.17

Semi-reverberant Absent 0.14 0.04 0.13 0.10 0.10 0.17 0.14

Present 0.14 �0.31 0.97 0.17 0.07 0.47 0.14

Reverberant Absent 0.01 0.10 0.20 0.27 0.20 0.23 0.01

Present 0.21 �0.28 0.88 0.30 0.40 0.37 0.21
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room (�4.58 dB). In the loud style, DSPL decreased as rever-

beration time increased, at 4.25, 3.92, and 3.38 dB for

anechoic, semi-reverberant, and reverberant rooms, respec-

tively (T30¼ 0.04, 0.78, and 2.37 s). Post hoc comparisons

confirmed that, overall, the DSPL measured for the reverber-

ant room was lower than both that of the semi-reverberant

room (z¼�6.10, p< 0.001) and the anechoic room

(z¼�5.42, p< 0.001), and that the difference between the

anechoic and semi-reverberant rooms was not significant

(z¼�0.62, p¼ 0.81). Regarding the effect of panels, DSPL

decreased when panels were present in both style conditions

and in all three room conditions. The reduction in DSPL

when panels were present rather than absent was 0.86 dB, as

shown in Fig. 3.

The statistical model indicated a significant effect of

chronological task order on DSPL and an interaction between

order and room. The task order was randomized; conse-

quently, each subject had a different task order. The effect of

chronological task order on DSPL represents the compensa-

tions in a speaker’s voice production over the time period of

the recording session. It can be interpreted as an effect of

short-term vocal fatigue.

In order to better understand the interaction between chro-

nological task order and room, three simple linear regression

models were fit to DSPL, one per room, with order as a predic-

tor variable. The models that best fit the data in anechoic,

semi-reverberant, and reverberant rooms are reported in Eqs.

(1), (2), and (3), respectively,

DSPLanechoic ¼ �1:24þ 0:22 � Order; (1)

DSPLsemi–reverberant ¼ �0:53þ 0:12 � Order; (2)

DSPLreverberant ¼ �1:69þ 0:20 � Order; (3)

where “Order” represents the chronological order of task

administration from 1 to 12. The p values associated with the

factor of order in the three models were lower than 0.001.

When compared with null models, the results of likelihood ratio

tests were also significant at p< 0.001 in each case, confirming

that the models including the Order term were preferred.

TABLE III. A LME model fit by REML for the response variable DSPL (dB) including as fixed factors the terms (1) style, (2) room, (3) panel, and (4) chrono-

logical order (“order”) with interactions of (5) room and style, (6) room and order, (7) style and gender, and the interaction of subject and time as a random

effects term. As within-subject normalization was performed, it is not possible to appreciate whether or not there was a main effect of gender on DSPL.

Reference levels are the normal style, the semi-reverberant room, absent panels, and female gender. R.¼ room; st.¼ style; Signif.¼Significance; Semi-

reverb¼Semi-reverberant.

Fixed factors Estimate (dB) Standard error (dB) df t pa

(Intercept) �4.35 0.22 24164 �20.01 <0.001***

Loud style 8.33 0.19 34642 44.85 <0.001***

Anechoic room �0.67 0.30 33596 �2.23 <0.05*

Reverberant room �1.79 0.29 31671 �6.25 <0.001***

Panel present �0.81 0.09 34501 �8.66 <0.001***

Order 0.11 0.02 31927 4.35 <0.001***

Anechoic R.: Loud st. 0.52 0.23 34470 2.28 <0.05*

Reverberant R.: Loud style 0.47 0.23 34526 2.05 <0.05*

Anechoic R.: Order 0.05 0.04 27015 1.36 0.174

Reverberant R.: Order 0.13 0.04 23743 3.58 <0.001***

Normal style: Male 0.82 0.17 6671 4.87 <0.001***

Loud style: Male �0.72 0.17 6536 �4.31 <0.001***

aSignif. codes: “***” < 0.001, “**” < 0.01, “*” < 0.05, “.” < 0.1.

TABLE IV. Summary statistics for the variable DSPL (dB) in the 12 conditions (2 styles, 3 rooms, and 2 panels).

Conditions DSPL

Style Room Panel Mean (dB) Standard deviation (dB) Standard error (dB)

Normal Semi-reverberant Absent �3.16 8.79 0.16

Normal Semi-reverberant Present �4.10 8.76 0.16

Normal Anechoic Absent �3.50 8.61 0.16

Normal Anechoic Present �4.30 8.90 0.16

Normal Reverberant Absent �4.30 8.21 0.15

Normal Reverberant Present �4.85 8.12 0.14

Loud Semi-reverberant Absent 4.29 10.61 0.19

Loud Semi-reverberant Present 3.54 10.75 0.19

Loud Anechoic Absent 4.66 10.73 0.19

Loud Anechoic Present 3.84 10.79 0.19

Loud Reverberant Absent 3.99 9.81 0.17

Loud Reverberant Present 2.78 9.53 0.16
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B. Self-reported vocal effort, control, comfort, and
clarity

Four separate LME models were run with the subjective

response variables effort, control, comfort, and clarity, each

with the fixed factors (1) style, (2) room, and (3) panel, and the

random effects term of subject (Table V). Each response vari-

able is reported in percent. The reference levels were the normal

style, the anechoic room, and absent panels. Summary statistics

for the self-reported variables are reported in Table VI.

The estimate for self-reported vocal effort in the loud

style was 27.48% higher than that in the normal style. In the

semi-reverberant and reverberant rooms, estimates were

5.11% and 9.89% lower, respectively, than the estimate asso-

ciated with the anechoic room. The estimate for self-reported

vocal effort in the presence of the panels was 4.95% lower

than that without panels. These values are very similar to the

actual differences in means. The effect of panels on self-

reported effort is shown in Fig. 3. A Spearman’s rho test indi-

cated a significant relationship between self-reported effort

and DSPL [rs(240)¼ 0.52, p< 0.001].

The model estimate for self-reported vocal control was

10.28% lower in the loud style than in the normal style, while

the estimate for self-reported vocal comfort was 20.35%

lower in the loud style than in the normal style. The estimate

for self-reported vocal clarity in the presence of the panels

was 4.38% higher than that without panels (p¼ 0.06). These

differences are again very similar to the actual difference in

means. Other factors did not have observable effects.

FIG. 2. Mean DSPL in dB across sub-

jects per room for the loud (upper) and

normal (lower) styles, where the error

bands indicate 6 standard error.

FIG. 3. (Left) Mean DSPL in dB

across subjects per panel condition and

(Right) self-reported vocal effort

across subjects per panel condition,

where error bands indicate 6 standard

error.
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Figure 4 shows the mean self-reported vocal effort in the

three rooms, for both normal and loud styles, with and without

panels. It is apparent that the perception of vocal effort and

reverberation time were inversely proportional and that the

presence of panels was generally associated with a lower vocal

effort. The only exception to this rule was the condition with

the loud style in the reverberant room. This exception may be

due to excessive energy in the reflections because of the com-

bination of the reverberant sound field and the increased first

reflection associated with the panels.

IV. DISCUSSION

In this study, the effects were measured of speech style,

reverberation time, panel, and chronological task order on

DSPL and on four subjective variables relating to voice pro-

duction: effort, control, comfort, and clarity. With regard to

speech level, a difference in DSPL of 7.88 dB was found

between the normal and loud styles. In the semi-reverberant

room, the loud style was associated with an increase of

7.5 dB relative to the normal style. The increase was �8 dB

for the anechoic and reverberant rooms. The standard ISO

9921 (2002) indicates a variation of 6 dB between steps of

increasing volume in speech. However, the descriptors asso-

ciated with vocal effort in the standard are normal, raised,

and loud, and in the present study, the loud style corresponds

to some point in between the raised and loud levels of the

standard in terms of SPL. This difference could be explained

on the basis of the number of instructions about voice style:

fewer instructions will correspond to a larger dynamic range

of the voice across styles. Bottalico et al. (2015), in a similar

experiment that involved instructing talkers to use three voice

styles (soft, normal, and loud), found a smaller dynamic

range than the one reported in the present study (6.8 dB

between loud and normal, and 7.8 dB between normal and

soft). A second possible explanation could be that the

dynamic range of speech in noisy conditions might tend to be

smaller than the range in quiet conditions (Bottalico et al.,
2015). This might occur because speech produced in a noisy

environment will be higher in level than speech produced in

a quiet environment (Lombard effect), all else being equal. In

noisy conditions, in the normal style, a speaker has a large

dynamic range (both softer and louder) available and can

adjust their level relatively freely. However, in noisy condi-

tions, in the loud style, a speaker has a reduced range because

a volume “saturation” point is likely to appear.

Across panel and style conditions, DSPL was found to

be higher in the anechoic and semi-reverberant rooms than

in the reverberant room. Consistent with the findings of

Black (1950) and Pelegr�ın-Garc�ıa et al. (2011), in this study,

as reverberation time increased (between 0.04 and 2.4 s),

mean DSPL decreased (anechoic: 0.25, semi-reverberant:

0.24, reverberant: �0.47). The interaction between room and

TABLE V. LME models fit by REML for the subjective response variables

effort, control, comfort, and clarity, including fixed factors style, room,

panel, and a random effects term: subject. Reference levels are normal style,

anechoic room, and absent panels.

Fixed factors

Estimate

(—)

Standard error

(—) df t pa

Effort

(Intercept) 31.60 4.39 40 7.19 <0.001***

Loud style 27.48 2.46 215 11.13 <0.001***

Semi-reverberant R �5.11 3.01 215 �1.69 0.092.

Reverberant R �9.89 3.02 215 �3.27 0.001**

Panel present �4.95 2.46 215 �2.00 <0.05 *

Control

(Intercept) 75.5 3.95 42 19.12 <0.001***

Loud style �10.28 2.28 218 �4.51 <0.001***

Semi-reverberant R �0.74 2.8 215 �0.27 0.790

Reverberant R 1.23 2.8 215 0.44 0.662

Panel present 1.13 2.29 215 0.5 0.621

Comfort

(Intercept) 73.7 4.23 40 17.42 <0.001***

Loud style �20.35 2.38 215 �8.55 <0.001***

Semi-reverberant R �0.96 2.91 215 �0.33 0.741

Reverberant R 3.77 2.92 215 1.29 0.198

Panel present �0.22 2.38 215 �0.09 0.927

Clarity

(Intercept) 68.77 3.5 58 19.66 <0.001***

Loud style 0.17 2.3 215 0.075 0.940

Semi-reverberant R �1.23 2.84 215 �0.43 0.666

Reverberant R 0.78 2.85 215 0.275 0.783

Panel present 4.38 2.32 215 1.88 0.061.

aSignif. codes: “***” < 0.001, “**” < 0.01, “*” < 0.05, “.” < 0.1.

TABLE VI. Summary statistics for the variables effort, control, comfort, and clarity in the 12 conditions (2 styles, 3 rooms, and 2 panels).

Conditions Effort (%) Control (%) Comfort (%) Clarity (%)

Style Room Panel Mean Standard error Mean Standard error Mean Standard error Mean Standard error

Normal Anechoic Absent 28.8 6.0 78.2 5.0 76.1 4.9 75.1 3.7

Normal Anechoic Present 24.0 4.5 75.8 4.9 72.1 4.9 72.9 4.0

Normal Semi-reverberant Absent 25.7 5.7 73.7 6.0 72.7 5.6 66.1 5.0

Normal Semi-reverberant Present 19.8 4.5 72.5 6.2 75.3 4.5 71.5 4.1

Normal Reverberant Absent 26.4 5.0 77.6 4.3 73.5 4.2 63.5 5.1

Normal Reverberant Present 20.0 4.6 79.8 3.3 77.9 3.3 75.6 3.6

Loud Anechoic Absent 65.2 6.6 62.8 5.6 53.4 7.0 65.5 5.4

Loud Anechoic Present 53.5 5.4 66.8 4.6 52.2 5.6 70.6 4.2

Loud Semi-reverberant Absent 55.9 6.1 64.7 5.0 49.2 6.1 66.2 5.0

Loud Semi-reverberant Present 49.6 5.3 69.7 4.7 52.6 5.2 75.4 3.8

Loud Reverberant Absent 40.1 6.1 66.4 4.6 62.5 5.3 75.7 5.3

Loud Reverberant Present 45.4 5.4 65.1 5.1 55.3 5.7 72.4 5.8
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style principally related to the relationship between the

anechoic and semi-reverberant rooms in the two styles: DSPL

was higher in the anechoic room than the semi-reverberant

room in the loud style but lower in the normal style. In the

loud style, the voice intensity was higher and, consequently,

the reflected sound was more intense. In particular, when the

energy emitted by the subject was higher, the reflections asso-

ciated with the panels seem to be more effective in decreasing

the subject’s DSPL in the semi-reverberant room. In the loud

style, DSPL was lower in the semi-reverberant room than in

the anechoic room (mean difference ¼ 0.34 dB). In the nor-

mal style, DSPL decreased from �4.58 dB in the reverberant

room to �3.90 dB in the anechoic room and �3.63 in the

semi-reverberant room, the semi-reverberant room being the

smallest.

The effect of the panel being present was a decrease in

the DSPL (mean¼ 0.86 dB), which was observable in all

room and style conditions. The placement of the panels near

the talker increased the reflected energy (and external auditory

feedback) in the talker position, thus, increasing the levels of

voice support and room gain, as defined by Pelegr�ın-Garc�ıa
(2011). It is consistent with his findings that there was an

inverse relationship between SPL and the quantity of reflected

energy. In this study, as expected, when panels were present,

talkers reported greater clarity of their own voice.

As within-subject normalization was performed, it is not

possible to appreciate whether or not there was a main effect

of gender on vocal effort. However, the interaction between

gender and voice style was observed to be significant. Female

subjects showed a larger dynamic range in the voice level

between styles (i.e., mean difference between the styles) than

male subjects. The dynamic range was 8.64 dB for females

and 7.09 dB for males. A similar result was found by Bottalico

et al. (2015), where the mean differences between the normal

and loud styles were 7.50 dB for females and 6.32 dB for males

in a typical classroom. The larger dynamic ranges associated

with females could provide insights into reported gender-

associated vocal health risks (e.g., Vilkman et al., 1999; Titze

et al., 2003; Hunter and Titze, 2010; Hunter et al., 2011).

An increase in DSPL across the 12 tasks was observed,

which may indicate short-term vocal adjustment, likely a

form of short-term fatigue. This finding is consistent with the

tendency for SPL to increase with vocal loading observed by

Rantala et al. (2002) and Laukkanen and Kankare (2006).

Overall, reverberation time and SPL were inversely related

such that as reverberation time increased from 0.78 s (semi-

reverberant room) to 2.37 s (reverberant room), there was a

decrease in DSPL of 0.72 dB. As expected, the same relation-

ship was found between reverberation time and self-reported

effort. In order to better interpret these findings, it was neces-

sary to consider the interaction between reverberation time

and order. The relationship between DSPL and short-term

vocal adjustment or fatigue (evaluated by means of the chro-

nological order from 1 to 12) was observed to strongly

depend on room.

As reported in Eqs. (1)–(3), the slopes were 0.22 dB/

Order in the anechoic room, 0.12 dB/Order in the semi-

reverberant room and 0.20 dB/Order in the reverberant room.

These values could be representative of the different effects

of room on (short-term) vocal fatigue; they suggest that lower

vocal demands and lower magnitudes of vocal fatigue were

experienced by talkers in the room in which the reverberation

time was more likely to be found in a typical space (the semi-

reverberant room). Arguably, this hypothesis is confirmed by

the results of Bottalico and Astolfi (2012). In fact, the authors

stated that a range of mid-frequency reverberation time of

FIG. 4. Mean self-reported vocal effort

in percent across subjects in the three

rooms (anechoic, semi-reverberant,

and reverberant) for normal and loud

styles, with and without panels. Error

bands indicate 6 standard error.
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between 0.75 and 0.85 s could be an optimal range for a

talker in a classroom as it offers good voice support.

V. CONCLUSIONS

In this study, 20 subjects performed vocal tasks in the pres-

ence of classroom babble noise in anechoic, semi-reverberant,

and reverberant environments. In each of these environments,

the room acoustics were modified by placing two reflective

panels at 0.5 m from the subject. Normal and loud styles were

elicited by instruction. After each task, the subject responded to

questions addressing their perception of vocal effort, comfort,

control, and the clarity of their own voice.

It has been demonstrated that the placement of reflec-

tive surfaces can improve the quality of the sound field for

speakers. The increase in the external auditory feedback

due to reflective panels significantly reduced vocal effort.

SPL was observed to decrease by 0.86 dB when panels were

present. That is to say, the subjects benefited in an objec-

tively measurable way from the panels, and this benefit was

also perceived by the subjects. While the effect of the pan-

els was consistent among styles and rooms, the effect was

strongest in the reverberant room (�0.92 dB), followed by

the semi-reverberant room (�0.86 dB) and the anechoic

room (�0.51 dB). Additionally, the effect of panels was

stronger in the loud style (�0.93 dB), then in the normal

style (�0.76 dB).

As far as the subjective evaluation of vocal effort is con-

cerned, panels were generally associated with a lower per-

ceived vocal effort, with the exception of the loud style and

reverberant room condition. This may be due to excessive

energy in the reflections due to the combination of the high

reverberation time, the increase in the first reflection associ-

ated with the panels, and the higher speech level.

Previous research suggests that the speech level decreases

under more reverberant conditions. This result was confirmed

for the loud style but not for the normal style. Moreover, it

was found that in rooms with different reverberation times

there is a different rate of increase in the vocal effort (which

is generally associated with vocal fatigue). These rates were

0.12 dB/task across the 12 tasks for the semi-reverberant

room, 0.22 dB/task for the anechoic room, and 0.20 dB/task

for the reverberant room.

This preliminary study of the differences in SPL and

self-reported effort induced by changes in style and room

acoustics confirms the sensitivity of vocal effort to the magni-

tude of auditory feedback. In this study, the reverberation

times in two of the three rooms (anechoic and reverberant)

were unusual in typical rooms. They were selected in order to

cover the widest available range of reverberation time. In the

future, experiments could be conducted in more typical envi-

ronments, such as classrooms. Furthermore, in this study the

reflective panels were placed at a single distance from the

speaker. In order to improve classroom design and to be able

to give recommendations concerning the placement of reflec-

tive surfaces, it is necessary to test the effect of panels on

speech at different distances from the speaker and at different

angles. Finally, for a more systematic evaluation of the effects

of reflective panels, it will be necessary to perform some

experiments in virtual acoustic environments for improved

control of the acoustical parameters.
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